Abstract: High-precision imaging of dim-small target is demonstrated using a photonicsassisted broadband distributed coherent aperture radar (DCAR). The photonics-based methods lead to a high resolution, making it possible to discriminate small targets. In addition, the cooperative work of multiple radars enhances the signal-to-noise ratio (SNR) and helps to improve the imaging precision. Experimentally, the inverse synthetic aperture radar (ISAR) coherent imaging for a small unmanned aerial vehicle is conducted by a two-unit X-band DCAR (8-12 GHz), and the range and cross-range resolution are ∼3.4 cm and ∼3.6 cm, respectively. About 8.5 dB image SNR gain can be achieved in full-coherence mode compared to that in monostatic mode. Taking advantage of the SNR gain, the scatters that are below the noise floor when in monostatic mode can be clearly seen when fullcoherence is realized, which reveals that the proposed photonics-assisted DCAR improves the imaging precision and makes it easier to identify dim-small targets.
Introduction
High-Precision detection and imaging of dim-small targets are crucial issues in both military and civil areas. It has aroused attention worldwide in many applications such as anti-stealth technique, safety navigation, and ocean environment monitoring [1] - [4] . To realize imaging and identification of small targets, the radar systems with high resolution are required, which corresponds to wideband waveform generation and processing. In addition, high signal-to-noise ratio (SNR) would help to enhance the detection and imaging precision [5] . However, the echo wave of dim-small target is very weak and usually overwhelmed by noise due to the small radar cross section (RCS), yields low SNR and deteriorated detection performance [6] . To overcome this issue, the radar systems with improved transmitted power, antenna aperture and antenna gain can be applied, which are expensive to build and difficult to transport [5] . The distributed coherent aperture radar (DCAR) offers a viable approach to cope with the above dilemma [7] , [8] . In such radar system, N geographically distributed smallaperture unit radars radiate radar signals to the same target and realize the coherent syntheses of these signals with the control of the central controlling and processing system. When full-coherence is obtained, an SNR gain of N 3 can be obtained over a unit radar, improving the detection precision. As each unit radar has a small aperture, the DCAR can be easier to build and transport than the radars with large apertures [8] . Recently, several DCAR systems have been established, and coherence syntheses on the stationary and moving targets are implemented, verifying the feasibility of the DCAR concept [7] - [11] . The above presented DCARs all show the ability to enhance the SNR, which will help to improve the detection precision. Nevertheless, range resolution of these systems are limited up to decimeter-level, which restricts the capability to image and discriminate small targets. And it's difficult to further broaden the bandwidth because of the limitation of electronic devices, for example the large time jitter introduced by the direct digital synthesizers and analog to digital converters (ADCs) [12] , [13] . Thus high-precision imaging of dim-small targets is still challenging.
Recently, microwave photonics has been considered to have the potential to deal with these challenges, thanks to its advantages of ultra-wide bandwidth, ultra-low transmission loss, flexible reconfiguration and immunity to electromagnetic interference [14] , [15] . In [16] - [20] , the photonics-based monostatic high-resolution imaging radar systems have been intensively studied. Wideband radar signals are generated and processed through photonic-assisted methods, making it capable to get detailed information from the high-resolution images of the targets. Nevertheless, the echo wave SNR is still restricted by the transmitted power of the single transmitter. In [21] , we have demonstrated a photonics-assisted wideband DCAR. The wideband radar waveforms are generated through optical methods, and the echo waves are directly sampled by the ADC. Finally, by digitally compensating the delay and phase differences between the echo waves of different receivers and adding the compensated results, receive coherence is implemented. The coherent synthesis for a static metal ball is demonstrated, and an 8.3 dB SNR gain is obtained by a two-unit DCAR. The direct sampling method puts great pressure on the ADC and causes great data volume. The further digital compensation also leads to a large amount of computation and a long processing time. And realizing moving target imaging by accumulating multiple pulse periods will exacerbate these problems. Therefore realizing the coherent imaging of dim-small moving targets and improving the identification precision remain a problem.
In this paper, we improve the receiver and establish a photonics-assisted broadband DCAR for high-precision imaging of dim-small targets. The improved coherent de-chirp receiver is based on the cascaded Mach-Zehnder modulators (MZMs) and the variable optical delay line (VODL). The de-chirp processing significantly lowers the speed of the ADC and reduces the data bulk [22] . Meanwhile, time delay of the echo wave can be precisely adjusted by the VODL to promote the coherent receiving between different receivers, which helps to omit digital time delay compensation and reduce the computation load. Combining with the wideband linear frequency modulated waveform (LFMW) generation by the photonic digital-to-analog converter (PDAC), a high imaging resolution can be acquired by the DCAR, making it possible to recognize small targets. Besides, the image SNR can be enhanced as multiple unit radars work collaboratively, which improves the imaging precision and makes it easier to identify dim-small targets. Experimentally, the inverse synthetic aperture radar (ISAR) coherent imaging experiment for a small unmanned aerial vehicle (UAV, 0.3 m × 0.3 m) is carried out by a two-unit X-band DCAR (8) (9) (10) (11) (12) . The range and cross-range resolution are ∼3.4 cm and ∼3.6 cm. When full-coherence is realized, about 8.5 dB image SNR gain can be obtained compared to that in monostatic mode. Due to the SNR gain, the target scatters that are submerged in noise when in monostatic mode can be clearly seen when full-coherence is realized. Put another way, the system improves the SNR and makes it easier to identify dim-small moving targets. Figure 1 (a) demonstrates the configuration of the photonics-assisted broadband DCAR. The photonic digital-to-analog converter (PDAC) combined with the optical coupler (OC) generate N -channel optical-carried LFMWs in the central controlling and processing system [23] . Then the emission time of each optical signal is tuned by the following VODL. After that, the signal is transmitted to the unit radar in the optical fiber, converted into microwave LFMW by the optical/electrical (O/E) conversion module, and divided into two parts. One part is fed into a microwave switch, which controls that the LFMW is emitted into free space by the horn antenna or blocked. And another part drives the coherent de-chirp receiver as the reference signal of the de-chirp process. Figure 1(b) shows the configuration of the coherent de-chirp receiver. The reflected target echo firstly modulates the continuous lightwave from the laser diode (LD) in a Mach-Zehnder modulator (MZM1). Then the optical-carried echo is delayed via the VODL, and modulated by the reference signal in MZM2. Next, the output of MZM2 is transmitted back to the central controlling and processing system, and the de-chirp process of the echo wave is implemented through the frequency mixing between the reference signal and the echo wave in the O/E conversion module. Finally, the intermediate frequency (IF) signals are digitalized by the ADC, and processed in the digital signal processor (DSP).
Operation Principle
The radar firstly estimates the one-way time delay between the i -th unit radar and the target, which is denoted as τ i . To achieve the necessary distinction between the waveforms emitted by multiple unit radars, here we use time-division multiplexing (TDM), which means that only one LFMW is emitted into space at a time by controlling the microwave switches. Then the IF signal obtained by the i -th de-chirp receiver can be written as
where k and f 0 stand for the chirp rate and initial frequency of the LFMW. And the time delay can be figured out through the fast Fourier transform (FFT) of the IF signal. Next, the radar operates in transmit-coherence mode, when all the LFMWs are emitted to the space at a time. On the basis of the estimated time delays, emission times of the waveforms are adjusted by the VODLs. And the transmit waveform of the i -th unit radar is
where s(t) = cos(2πf 0 t + kπt 2 ), and τ b is a basic time delay of each unit radar. Thus the superimposed waveform at the target is S all (t) = N s(t − τ b ), and the echo collected by the i -th unit radar will be s i R (t) = N s(t − τ b − τ i ). Then the echo is converted into optical domain by MZM1 and time delayed by the following VODL. And the time delayed echo wave is
, where τ i r is the time delay introduced by the VODL. Finally through the de-chirp process, the output IF signal will be
From Eqs. (1) and (2), we can infer that the peak power of the FFT result of the IF waveform is G s = N 2 times that of the monostatic result (only one unit radar works). Meanwhile as the noise power is the same as one unit radar, the SNR gain is N 2 , which will be 10 log N 2 when the unit is dB.
From Eq. (2), we can also see that the de-chirped IF signals obtained by different receivers have different frequencies and phases without any compensations, and the following coherent receiving cannot be realized. Through digital signal processing, the phase differences can be compensated. While as for the frequency differences, a high sampling rate in frequency domain are needed to realize high-precision frequency compensation such as the methods of oversampling and digital interpolation, which will cause great computation load and long processing time. Here we use the high-precision VODL to tune the time delay of the echo wave, when we set τ i r = 2τ b − 2τ i , the output IF signal in Eq. (2) can be rewritten as
which shows that the IF signals with the same frequency are obtained at all receivers and only the signal phases are different. Through simple digital signal processing, the phase differences can be figured out and compensated, thus the coherent receiving between different receivers can be obtained easily. The compensated IF signal is s i I F (t) = N cos(4kπτ b t) . By adding them coherently, full-coherence is realized and the combined IF signal is
The results show that the peak power gain of the FFT result of the IF signal is G s = N 4 compared to the monostatic result. As the noises in different receivers are independent, the noise power gain is G n = N . Thus the SNR gain is N 3 , which will be 10 log N 3 when the unit is dB. Figure 2 demonstrates the detailed configuration of a two-unit DCAR, which is established to prove the feasibility of the proposed photonics-assisted system. A PDAC, an erbium-doped fiber amplifier (EDFA), and an OC generate two channels of the optical-carried LFMW in the central controlling and processing system. At each unit radar, the microwave LFMW (8-12 GHz) is generated after the optical-to-electrical conversion in a photodetector (PD), amplification by an electrical amplifier (EA), and filtering by a band-pass filter (BPF, 8-12 GHz). Then a power splitter (PS) splits the microwave LFMW into two branches. One part is fed into a microwave switch, and another part is sent to the cascaded MZMs-based coherent de-chirp receiver as the reference signal. To imitate the case where the echo wave power is gradually becoming weak, the echo wave from the target is firstly attenuated by the variable microwave attenuator (Atten), then amplified by the EA, and filtered by the BPF. Next, the echo wave is injected into the coherent de-chirp receiver, and the de-chirp processes are implemented by sending the output optical signals of MZM2/MZM4 into PD3/PD4, separately. The IF signals are amplified, low-pass filtered, and finally sent to the digital signal oscilloscope (DSO81204B, sampling rate 100 MSa/s) which performs as the ADC and realize digitalization of the IF signals.
Experiment Results
Waveform and spectrum results of the 8-12 GHz LFMW generated at unit radar 1 are shown in Figs. 3(a)-(b) . To evaluate the performance of the de-chirp receiver, the generated LFMW is firstly attenuated by 40 dB by attenuator 1 and then sent to the de-chirp receiver. Figure 3(c) shows the spectrum of the de-chirped signal, the peak sidelobe ratio (PSLR) and the full-width at half maximum (FWHM) of the main lobe are 13.57 dB and 223. show the corresponding results of unit radar 2. The PSLR and FWHM are 13.38 dB and 222.3 ps, separately. The above measured results accord well with the ideal results of 13.32 dB and 221.5 ps, and the FWHM also implies a range resolution of about 3.4 cm.
Then, to assess the system's ability of high-precision imaging for dim-small targets, the ISAR coherent imaging is conducted. Figure 4 shows the experimental scene. At each unit radar, an antenna pair (20 dBi) is used as the transmit and receive antenna, and the baseline between two radars is 0.25 m. A turntable whose rotation speed is 720 degree per second is placed about 4 m away from the antenna pairs, and a small unmanned aerial vehicle (UAV: 0.3 m × 0.3 m) is placed on the turntable. For the sake of high cross-range resolution, the echo waves after the de-chirp process are sampled for 28 ms, which includes 1400 pulses.
Firstly, the attenuations of attenuator 1 and attenuator 2 are both set to be 39 dB. The ISAR imaging results of the UAV are shown in Fig. 5. Figures 5(a) and (c) show the images obtained by radar 1 and radar 2 in monostatic mode, and Figs. 5(b) and (d) are obtained in transmitcoherence mode. By coherently superimposing the image data in Figs. 5(b) and (d) , we acquire the image in full-coherence mode, as shown in Fig. 5(e) . From the results, we can see that the complete ISAR image can all be obtained in monostatic, transmit-coherence and full-coherence mode. The SNRs of the images are also calculated according to [24] , which is the ratio between the aver- age pixel energy of the target and the background noise. The image SNRs are 5.2 dB and 5.6 dB for radar 1 and radar 2 in monostatic mode, 10.9 dB and 11.3 dB in transmit-coherence mode, and 13.7 dB in full-coherence mode. Compared to the monostatic mode, the image SNR gains in transmit-coherent mode are both 5.7 dB for two unit radars, separately. And when full-coherence is achieved, the image SNRs gains are further improved to 8.5 dB and 8.1 dB, separately. Such SNR gains will improve the imaging and identification precision.
Then the echo wave is further reduced by 3 dB, and the ISAR imaging results are shown in Fig. 6 . The image SNRs are 2.7 dB and 3.1 dB for radar 1 and radar 2 in monostatic mode, 8.5 dB and 8.9 dB in transmit-coherence mode, and 11.3 dB in full-coherence mode. In monostatic mode when only one radar works, parts of the UAV are below the noise level, and it's hard to recognize that the target is a UAV. While in transmit-coherence mode and full-coherence mode, due to the SNR gain, the whole UAV image is above the noise floor and the UAV can be clearly seen.
After that, the echo wave is further reduced by 7 dB, and the imaging results are shown in Fig. 7 . The image SNRs are 2.0 dB and 2.3 dB for radar 1 and radar 2 in monostatic mode, 2.3 dB and 2.8 dB in transmit-coherence mode, and 4.3 dB in full-coherence mode. Even in transmit-coherence mode, parts of the UAV are submerged in noise and the UAV cannot be recognized. While when full-coherence is achieved, the complete UAV image is obtained.
The image SNRs when the echo power is gradually attenuated from 39 dB to 49 dB are also shown in Fig. 8 , and the horizontal axis represents the additional attenuation on the basis of 39 dB. When the additional attenuation is from 0 dB to 3 dB, the image SNRs in all three modes gradually degrades. And the image SNRs in transmit-coherence mode and full-coherence mode are above 5.7 dB and 8.1 dB higher than those in monostatic mode, respectively. When the additional attenuation is increased to above 3 dB, the SNRs in monostatic mode fluctuates because the scatters of the UAV submerge below the noise floor, while the image SNRs in transmit-coherence and full-coherence mode still decrease as the echo power becomes weaker. And the image SNRs in full-coherence mode are above 1.5 dB higher than that in transmit-coherence mode. Due to the above SNR gains, when the echo wave becomes increasingly weaker and image of the UAV cannot be seen in monostatic mode, it can still be clearly seen through transmit-coherence mode and full-coherence mode. While when the UAV cannot be identified in transmit-coherence mode, it can still be recognized when full-coherence is realized, capitalizing on the further SNR gain. In other words, compared to the single radar, the DCAR improves the SNR, and makes it easier to image and identify dim-small targets.
The above results also show that the obtained image SNR gain is a little bit different from the theoretical value. According to the operation principle, a theoretical SNR gain of N 3 can be obtained in full-coherence mode when N identical transceivers are applied. In our real system, as the performance of two transceivers are not perfectly consistent with each other, the obtained image SNR gain is a bit lower than the theoretical value. In addition, when the target has multiple scattering points, one of the scattering points is chosen as the main scattering point and the ideal coherent synthesis can be realized at this point. While for other scattering points, as the time delay settings are not ideal for them, the SNR gain will be degraded.
Conclusion
A photonics-assisted broadband DCAR for high-precision imaging of dim-small targets is put forward. The ISAR coherent imaging for a small UAV (0.3 m × 0.3 m) is experimentally implemented by a two-unit X-band DCAR, and the range and cross range resolution are ∼3.4 cm and ∼3.6 cm, separately. When full-coherence is realized, about 8.5 dB image SNR gain can be obtained compared to that when only one unit radar works. Due to the SNR gain, the DCAR is capable to obtain the complete images of the weaker targets and identify them. The results reveal that the proposed photonics-assisted broadband DCAR has the capability of high-precision imaging and identification for dim-small targets.
